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SUMMARY

The thermodynamic properties_ density and temperature_ as well as

transport property parameters involving viscosity_ Prandtl number

(including diffusion effects)_ and gaseous radiation absorption coeffi-

cients have been correlated as a function of enthalpy at four pressure

levels (lO-l_ i0°_ i013 and I0 a atmospheres). The correlation formulas

are written in a generalized form for which coefficients for a particular

property and pressure level are tabulated. The correlation formulas are

useful in digital computer programs for nonadiabatic viscous flow problems.

INTRODUCTION

Thermodynamic and transport properties of high temperature air as

well as their derivatives with respect to enthalpy at constant pressure

are often needed for the computation of flow fields on bodies in high-

speed flight. These properties are available in tabular form (refs. i

and 2). However, this form is often not very convenient for use in

digital computers. To facilitate machine computations_ it is sometimes

faster and easier if the properties are represented by analytical expres-

sions which can also be readily differentiated. Cohen (ref. 3) correlates

density and some transport properties independently of pressure for flight

speeds up to 29_000 ft/sec. Correlations are now required for high speeds

up to 50_000 ft/sec to facilitate studies of high-speed entry into the

earth's atmosphere.

At these higher speeds_ in excess of approximately 30_000 feet per

second_ the transport properties of air are significantly affected by

ionization. Furthermore_ at these speeds_ gaseous radiation effects can

also be important_ depending on body size and altitude (ref. 4). Thus_

for entry into the earth's atmosphere on return from the moon_ the planets_

or far out in the solar system_ for which entry speeds will be between

35,000 and 50_000 feet per second_ both ionization and radiation effects

may be important and should be considered. For these reasons_ thermo-

dynamic and transport properties of equilibrium air at temperatures up
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to 15,000° K (stagnation temperature for flight at 50,000 ft/sec at
approximately 1903000ft altitude) as presented in references i and 2,
are correlated as functions of enthalpy at the four pressure levels, i0 -l,
10°3 1013 102 atmospheres in the present work. The Planck meanmass
absorption coefficient for gaseous radiation, as presented by both
references 5 and 63 is also correlated as functions of enthalpy at the
samepressure levels.

SYMBOLS

a,b ,c ,d ,e

h

k

P

Pr

T

x

Y

P

constant and coefficients in equation (i)

enthalpy _ fta/sec a

Planck mean mass absorption coefficient, ftm/slug

pressure 3 atm

Prandt i number

temperature, OK

h__
independent variable in equation (i), hr

dependent variable in equation (i) (appropriate property)

mass density, slug/ft s

viscosity coefficient, ib sec/ft m

Subscripts

a

1,2, •

r

. n

results obtained from reference 5

results obtained from reference 6

e coefficients in equation (i)

reference conditions in table II.



CORRELATIONFO_S

Manyattempts were madeto fit smoothcurves through the desired
property values obtained from references i, 2, 5, and 6. Polynomials of
all degrees up to 8 with coefficients determined by the method of least
squares and the method of Tchebycheff were tried. Fourier series and
generalized conics were also tried. In somecases it was found necessary
to join as manyas four sections of curves smoothly in series to obtain
adequate correlations. An attempt was madeto minimize possible discon-
tinuities at the joints in segmentedcurves either by overlapping the
sections and choosing a suitable point in this overlapped region to be
the limit of the various curves (this was done for conics), or by matching
the slope and property value of two adjoining curves at the samevalue of
enthallmJ (this was done for polynomials). The curves presented in this
paper are the best results, from the methods attempted, for obtaining
accurate and smoothly varying property values as functions of enthalpy.

Although various methods of correlation are used, it is convenient
to express the correlation of all properties at a specific pressure level
by the general formula

a + by + cxy + dy 2 + elx + e2x 2 + e3x 3 . en xn = 0 (i)

where the independent variable x is the enthalpy ratio h/h r and the

dependent variable y is the appropriate gas property. It is seen that

if the coefficients es . . en are zero3 the equation is that of a

general conic with inclined axis, and if the coefficients c and d are

zero; the equation is that of a polynomial of degree n.

To facilitate the use of equation (1) 3 the coefficients for the

various properties at the pressure levels considered are presented in

table I. This table shows the type of correlating function used (general

conic or polynomial of degree n) for each property, the upper and lower

enthalpy limits for the validity of each section of the correlation curve3

and3 for those properties fit by a general conicj the sign of the

appropriate root is also given.

The over-all limits of validity of these correlation formulas for

each property correspond to a temperature range of approximately 1,000 °

to 15,000 ° K. For convenience3 each property is referenced to a standard

condition. The pressure is referenced to sea-level conditions. The

reference conditions of all other properties correspond to their values

at satellite enthalpy (hr = 3.125Xi0 s fta/sec 2 or 123474 Btu/ib) at each

pressure level. _ae reference conditions are listed in table II.
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DISCUSSION OF RESULTS

The thermodynamic and transport properties as obtained from the

correlation formulas presented in this report and the properties they

represent from references l_ 2_ _ and 6 are compared in figures 1 through

5. In general_ the agreement is good. The analytical expressions should

provide property values with sufficient accuracy for most machine calcula-

tions. In the remainder of this discussion, consideration is given to

certain features of the correlations.

In figure 3 where the ratio of the density-viscosity product to the

Prandtl number is eorrelated_ no attempt was made to fit the minor varia-

tion in the property values which occurred at low enthalpies (near

h/h r -- 0.3). It was felt that the effect of this variation would be

negligible in comparison to the effects of the over-all variation. The

peak in each curve corresponds to the onset of ionization. The correlation

is seen to be very good in the ionization regime.

To study the effects of energy transport by gaseous radiation, the

Planck mean mass absorption coefficient is useful. It has been calculated

from theory in reference 6 and has been obtained by a combination of

theory and experiment in reference 5- The two references are in reason-

able, but not close, agreement. The results of both are correlated in

figure 5-

First the absorption coefficient of reference 6 as correlated for

all pressure levels is shown in figure 5(a). The fit is fair except for

the point at h/hr = 3.9 for 1 atmosphere pressure. The high point

at each pressure level corresponds to 15,000 ° K and was obtained by a

graphical and logarithmic interpolation of results in reference 6 at

12,000 ° and 18,000 ° K.

The correlation of the absorption coefficient at individual pressure

levels is shown in figures 5(b) through 5(e) corresponding to the results

of reference 6 and figure 5(f) through 5(i) corresponding to the results

of reference }. Except for figure 5(f)_ the correlation is satisfactory.

No attempt was made to fit figure 5(f) because of the lack of a point

defining the middle range of the properties.

Finally, it is instructive to go back and examine the thermal

conductivity used in the Prandtl number of figure 3- This is especially

pertinent because the current lack of agreement between the stagnation

point convective heat-transfer rates in references 7 and 8 may be

attributed to the thermal conductivity of ionized air.

In the present paper, the thermal conductivity used in the Prandtl

number includes the effects of energy transfer by both molecular collisions

and diffusion of molecular species (ref. 2). The thermal conductivity

calculated for air by Hansen (ref. 2) agrees quite well with experimental

results at temperatures up to 5,000 ° K as reported by Peng and Ahtye



(ref. 9)- At higher temperatures, Hansen's results can be comparedwith
the conductivity deduced experimentally for nitrogen by Maecker (ref. i0).
In this comparison, shownin figure 6_ agreement is fairly good and the
relative magnitudes of conductivities of the two gases are as expected
(see refs. 9 and ii). Results of King (ref. 12) for the thermal
conductivity of pure nitrogen agree very well with those of Maecker.

CONCLUDINGREMARKS

Thermodynamicproperties and transport property parameters have been
correlated as a function of enthalpy at four pressure levels. In genera!_
the correlation formulas represent the properties quite accurately.
Although the formulas are lengthy_ they can be evaluated very rapidly by
digital computers. For exampie_ a property represented by an eighth-
degree polynomial can be evaluated at lO00 points in approximately 0.7
second on an IBM 7090 data processing machine. This is one to two orders
of magnitude faster than having this machine look up the samenumber of
points in a table. Thus_ the formulas are expected to be useful for
flow-fleld computation on digital computers.

AmesResearch Center
National Aeronautics and SpaceAdministration

Moffett Field, Calif., June 21, 1962
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